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ABSTRA CT

-~~~~

This report describes the statue of the SRI Image Understanding

project at the end of twelve months. The central scientific goal of the

research program is to investigate and develop ways in which diverse
sources of knowledge may be brought to bear on the problem of

interpreting images. The research is focused on the specific problems
entøiled in interpreting aerial photographs for cartographic or

intelligence purposes. A key concept is the use of a generalized

digital map to guide the process of image interpretation .
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1 INTRODUCTI ON

This report describes the ongoing SRI image understanding project.

The central scientific goal of this project is to investigate arid

develop ways in which diverse sources of knowledge may be brought to

bear on the problem of interpreting images . The research is focused on

the specific problem s entailed in interpreting aerial photographs for

cartographic or intelligence purposes. Additional details are to be
*found in two earlier progress reports [1) [2].

A key concept is the use of a generalized digital map to guide the

process of image interpretation . This map is actually a data base

containing generic descriptions of objects arid situations , available

imagery, and techniques , in addition to topographical arid cultural

information found in conventional maps.

We recognize that within the limitations of the curren t state of

image understanding it is not possible to replace a skilled photo

interpreter. It is possible, however, to greatly facilitate his work by

providing a number of collaborative aids that relieve him of his more

mundane arid tedious chores (1].

The substance of this report was presented at the April 1977 lmage

Understanding Workshop, Minneapolis , as a progress report and a separate

technical report on a new technique for matching images to sym bolic

models. Section Ii is an amplif ied version of the progress report ,

which covers the past year, with emphasis upon the last six months.

Section III describes the new matching technique .

* All references are listed at the end of the report.
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II PROGRESS TO DATE

A. Overview

Our work has been centered on evolutionary development toward an
integrated interact ive system . The system consists of art in teract ive

display console , a map data base , an image l ibrary ,  general image

analysis routines , arid task specialist routines. At the present time ,

the system is not a unified whole, but exists as a collection of

programs: we are still working toward their integration . The following

scenario illustrates the major capabilities that have been demonstrated

to date.

The first task when a new image enters the system is to establish

correspondence with the map. This is accomplished automatically, by

selecting potentially visible landmarks (using navigational data

associated with the image) and then locating them iti the image using

scene analysis techniques. The next step is to confirm the validity of

existing knowledge. The system carl automatically verify the presence of

certain cartographic features, such as roads arid waterways , arid can also

monitor the status of some typical dynamic situations, such as ships

berthed in harbor or boxcars stored in a clazs:fication yard . New

feature s are identified and ini i~orporated into the data base through the

use of a number of interactive aids for mensuration arid tracing . For

example , new roads can be traced , or heights of bridge supports can be

mea sured .

The system can now use the data base to answer simple queries, such

as (irs paraphrase) , “show me Pierl14”, “what is this building?” or “how

high Is th~ t mountain? ” . These queries are entered by a photo

interpreter via keyboard arid display cursor . it also has the capability

for responding to a more complex query, such as “how many ships were in

2
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Oaklarid-.Harbor yesterday?” , by retrieving the relevant image from the

library, and then invoking the appropriate task specialist .

At this time , the questions that can be asked are limited by the

small size of the data base and the available specialist routines. The

specialists to date are for carefully chosen tasks that could be

performed with existing primitive low—level vision capabilities.

Moreover , as pointed out earlier , the demonstrated task capabilities do

riot yet exist as a truly unified system , but rather as a collection of

independent programs that share a common data base . They do, however ,

show the potential of bringing image understanding and artificial

in telligence approaches to bear oni problems in cartography and photo

interpretation .

B. Technical Details

1 . Mao/image correspondence

The first task in the scenario is putting the sensed image

into geometric correspondensce with reference imagery or a map data base .

This is fundamental to virtually every military applicationi of imagery .

Our Initial approach was a modest improvement Ott conventional image

correlat ions .  Given an image , such as Figure 1 , and approximate

viewpoint , the system determined potentially visible landmarks arid then

retrieved from the library images containing the landmarks. Figure 2

shows a selected reference image with the area of overlap and the

contained landmarks over laid on it.

For each landmark , an appropriate area of the reference image

was extracted and reprojected to wake it appear more similar to the

sensed image. The reprojeotlon was accomplished using a camera model ,

calibrations data associated with the referenice image , end elevation data

obtained from the map. The reference image fragment was first projected

down onto the ground plane , and thence back up onto the image plane of

the sensing camera. Each reprojeoted image fragment was then correlated
in a small predicted area of the sen sed image , using Moravec ’s high—

3
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SA-5300- 28

FIG URE 1 A NEW SENSED IMAGE

-
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S 4-5300-29

FIGURE 2 A SELECTED REFERENCE IMAGE AND LANDMARKS
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speed algori thm [3] . Figure 3 shows details  of the sensed (r ight  top)

arid reference ( l e f t  top) images near a landmark.  The bottom left  detail
is the  16x 16 image chip surrounding the landmark automatically extracted
for use by the system. The landmark is sought in the area delimited by

the  larg e square itt the sen sed image, arid the best matching area is

showni at bottom midright . The reprojected version of the chip is shown
at bottom midlef t , arid the best matchin ig area at bottom right . Note

that the reprojected referen ce image more closely resembles the sensed

image and that the point of correspondence is therefore more precisely

located . Figure 14 illustrates improved reliability: without

reprojection , the best match is at the wrong location (indicated by X).

The matching process is repeated for all landmarks expected to

be visible. This yiellds a Set of points in t ~e sensed image , with each

point corresponding to a particular landmark (Figure 5). From the

pairs of correspondin g image arid world locations , the exact .  camera
parameters for the sensed image were computed by solving an

overco n istraini ed set of equat ions.  We can determine a least—squared—

error solut ion e i ther  directly, analytically, or by an i t e r a tiv e

parameter optimization process: the latter h . s  the advan tage  that  any
known con straints on parameter values cart be readily imposed .

The reprojectioni techndque (unlike currently used techniques )

permits the use of reference images that differ radically itt viewpoint

from the sen sed image. Event art oblique image , such as showni itt Figure

6 , car t  be matched against the same r e ference image. Figure 7 shows

matching for a single landmark. The views are so different tha t a

meaningful match is impossible without reprojection .

Although reproj ect ioni  prior to matching is ant improvemen it  on
conventiona l image correlation , the fundamental limitation of the

corre la t ion  approach , namely sen s i t iv i ty  to viewing conid~ tioris , r e m a i n s .

In p a r t i c u l a r , it s t i l l  cannot  match images obtained from radica l ly

d i f f e r e n t  viewpoints  when the three—dimensio n al  scenic s t ruc ture  is
complex , from dlffere- . t sensors , or un der d i f fe rent  i l l u m in i a t i o n i  or

5
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FIGURE 3 CORRELATION MATCHING OF AN U~AG E CHIP
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$4 5300-31

FIGURE 4 A MISMATCH WITH AN UNREPROJECTED CHIP
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cl imat ic  conditions; and it cannot match images against sym bolic maps .

To overcom e these limitations , we developed a new approach , which we

call pa rametric correspondence , for m a t c h i n g  images directly to a three-

dimensional sym bol ic reference nap.

The map contain s a compact three—dimensional  representation of

the shape of major landmarks , such as coastlines , buildings , and roads.

An analyt ic  camera model Is used to predict the locations arid appearance

of landmarks in the image , generating a projection for an assumed

viewpoint. Correspondence is achieved by adjusting the parameters of

the camera model until the predicted appearances of the landmarks

optimally match a symbolic descriptiont extracted from the image. The

matching of image arid map features is performed rapidly by a new

technique , called “chamfer matching ” , that compares the shapes of two

collections of shape fragments, at a cost proportional to l inear

dimension , rather than area . These two new techniques permit the

matching of spatiall y extensive features ott the basis of shape , which

reduces the risk of ambiguous matches and the depend ence Ott viewing

conditions inherent itt the conventional correlations baaed approach. The

techniques are described in more detail in Section Ill. They have

obvious app l i ca t ion  to n aviga t io n  as well as photo in i te rpr eta t ion i .

H a v i n g  placed the image into p aramet r ic  correspondence wi th

the th ree—dimen s ion a l  map,  we are now in a positions to predict the image

coordinates of any feature in the map.  Figure 8 shows two pictures
with the same sections of coastline from the map superimposed ott each.

This facility is used lit monitoring to indicate exactly where in the

picture to look. Conversely, we can predict the map features

correspondin g to arty poi nt itt the image. This cans be used to facilitate
F :r~teractive graphical communication between the photo interpreter arid

the data base , its Figure 9, the user ha~ two images displayed

s:multaneou~ly arid cars point with a cursor at a ~o~at ion i in one image

and h av e the system ind ica te  the corresponding point in the other . (To
perform the l a t t e r  function accurat e ly ,  the system needs to know the

t h ree — dimens iona l n atu r e  of the t e r ra in .  We are still in the process of

8
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setting up terrain data in the map data base , so it t  these examples the

user supplied the fact  that  the area in question has roughly cortstant

elevation’.)

Usin ig the camera model and image cal ibrat ion permits man ty

photo in terpreta t ion s  mensurations tasks to be accomplished simply.
Routines exist for determining locations , length , height , or straight-

line distance for features indicated intteractively in the image. Its

Figure 10, the user is measuring the height of a bridge support.

Velocity of objects (e.g. Ships or cars) indicated in two images can

also be determined . Its Figure 11 , the user indicated a ship in one

image , and the system used the landmark finding process to locate the

same ship ins the other image and hence to determ inte speed from the

deduced distance arid the known time delay between the pictures.

The camera model provides a un i fy ing  theoretical four idatior t

that subsumes wha t would otherwise be a collection of ad hoc

t r igonometric t echn iiques [ 1 4 ] .  Combining the map and calibrated image ,

the system can also , for example , determine a l t e rn a t i v e  routes annd
travel distances along roads between indicated points.

2. MaD—guided niontitorinig

Havi n tg a map arid image iii corresportd entoe makes many monitoring

tasks simpler , because the map can indicate where to look arid what to

look for in the image. It is impor tan t , h owe v er , to keep irs min d that a

map is ortl y ant approximation to reality: it may be incomplete , be out of

date , suppress details , or con tain errors. itt order to monitor or to

make a detailed insterpretatiors of an image, it is necessary to locate

image coordinates of objects more precisely than cant be predicted using

the map arid calibratiort . Irs other words , we need routines which cant

take predictions arid verify them mi the image. As a first step in that

directions , we developed a guided lin e tracinsg routine that accepts a

rough approximation to the path of lin ear features, such as rivers or

roadr , and extracts a best estimate of the precise path in the image.

9
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FIGURE 8 THE MAP PROJECTED ONTO TWO PICTURES
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SA-5300-36

FIGURE 9 INDICATING CORRESPONDING POINTS IN TWO PICTURES
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SA-53 00-37

FIGURE 10 MEASURIN(~ THE HEIGHT OF A BRIDGE SUPPORT

--

SA - 5 3 00- 38

FIGURE 11 MEASURING THE SPEED OF A SHIP
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It operates by applying a specially developed line detector in s the

vic in i ty  of the approximate path and thent finidir ig a globally optimal

path based ott the local feature values [2]. Figure 12 shows the

predicted course of a road itt a rural area ( darker l i r te) .  The same road
has also been predicted without making use of the elevation information
in the map ( l i gh t e r  l i n e ) :  note that this  predictions is contsiderably irs

error. Figure 13 shows the resui c of the tracintg process , obtained

fully automaticall y.

The t r a c in g  rout irte cart be used in s two ways : to ver i fy  the
presertce of krtown cartographic features , u sintg predictiont from the map

and to interactively trace new features for in corporation in to the map,

u s i n g  a guideline sketched by the user. The tracing of l in e a r  features

is cu r ren t ly  a tedious manual process that  consti tutes a major
bott leneck in map production [ 1]  15].

Having a map and image in corre~ pond entce makes the automation
of many monitoring tasks feasible. Keeping track of boxcars in a

railyard , for example, is a typical tedious photo interpretation task.

Knto wmr t g the layout of the tracks , makes the task essen t ia l ly  a onte—

dimenisional template matching problem . A routine has been developed
which flies statistical operators along a track line to hypothesize

possible ensd~ of boxcars. These hypotheses are used with knsowledge of

s tan dard  boxcar lengths arid characterist ics of empt y t rack to locate the

gaps between boxcars. The program then reports the number of ears,
classified by length [2] .

Estimating highwa y t r a f f i c  is a similar problem which could be
approached by flyin g car and truck templates along the path determined

by the guided road tracer. Recent work at Stanford Univers i ty  could be
applied here [6].

Monitoring the presertce of ships its a harbor is part icularly
easy to automate when the map contains details of berths. Given a

question about the status of a particular harbor at a particular time ,

the appropriate image is retrieved from the data base . The ship

12
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SA 5300-39

FIGURE 12 A ROAD PREDICTED FROM THE MAP
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SA-5300-40

FIGURE 13 THE ROAD AFTER AUTOMATIC TRAC ING
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monitoring routine then projects berth location s from the map onto the

image (Figure 114) arid uses ant edge histogram of that  regiort to determirte
whether  the berth is occupied (Figure 15) . The same process works

equa l l y  well, for vertical or oblique imagery as shown irs Figure 16.

The key to automatic monitoring lies in having the capabil i ty
to place the image into correspondence with the map, which then

accurately specifies where to look. A relatively simple test may then

be used ins that limited context. We have implemented three

representative demortstrationss of t h i s  approach antd believe that  man y

other s are possible , especially itt remote sensing [7] .  Ins a productions

environment , such monsitorinig could be performed au toma t i ca l ly  on a

contt inuin sg basIs as new imagery arrived .

3. ~~~~~~~~~~~~

The underlying foundation ens which much of the foregoing rests
is the snap data base . We have implemented a disk—based semantic net

data s t ructure  tha t  can coni tai n t realistic quanti t ies of data represented
In a way which permits efficierst access. Entities are represented by

LISP atomr’ (e-~.g. Enigl~ zh word~ ), ar i d ~n t f o r m a t i o n i  ~~~oc~~ t ed  ~it. b t ht~
~~~~~~~~ :n  ‘ pr~ p t rt y ~~~ t~~ r’m~~t . ~;t~ oniships to other

etit~~t :er are alSo stored on the property l is ts , thus  establishing a

network st ructure  ins the data  base . When information concerning a

p a r t i c u l a r  e n t i t y  is sought , the property l i s t  is re t r ieved from d~ sk

arid establ ished in core. A “paging” scheme l imi ts  the amount of data  in s

core (to , say,  1000 entIties) antd writes entities back out to disk , if

necessary,  the least recen t ly used ontes f i r s t  [2] .  Intdexi r sg of the

int formation is by means of a hash table  on disk , which means that access
t i m e  is constant  and in depen dent of data  base size .

We are in the process of settinsg up a map of the Sans Franscisco

Bay Area , co n t t a ln i n tg  major features , coastlines , bridges , an sd highways .

Figure 17 is a portions of a U.S .  Geological Survey (USGS) map of the
area ; Figur e 18 shows the portions of the snap currently ins the data base .
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Figure 19 shows part of the map at  higher re~ olu t io n t . The map consists

of about 14000 points , plus various semarstic relationtships , totaling

about three—quar ters  of a mi l l ions  bytes of disk storage. (Access to a
par t icular  item of intforutationi takes less than a millisecon d if it is
paged itt , arid fi fteens to t h i r t y  mill iseconds plus disc access t ime if it

has to be read i n s ) .  The types of feature  c u r r en t l y recorded iii the data

base in c lude  coastlinses , major roads, lakes , bridges , airfield run ways,

oil storage ta n ks , and harbor l ights.  The in i format io nt  was derived by
man ually tracing features ons a USGS map u s i n g  a d ig i t i z ing  table: map
data  in d igita l  form are not avai lable , arid the problem of d ig i t iz ing
printed maps has ra ther  d i f fe ren t  con s t ra in ts  from the problem of makinig

maps from photographs , so we could riot exploit our guided tracing
techniques .

We are still in the process of d i g i t i z in g  data for the map

data  base arid of set t ing up the higher—level concepts , such as harbors ,

towns arid so for th , above the level of basic geometry arid topology. The

geometric da ta  are ir t dexed (the  index s t ructure is part of the data
base) via a K—D tree [8] to ertab le fast retr ieval  of informat ion
relevanst to a particular area . ins add i t ion t  to the three dimensional

description of cartographic and cultura l features, the map constainis a

part ial taxonomy of world entitie-., with relevant gen eral semanitics , a

catalogue of available imagery, and descriptionss of data structures used

by the system . The descriptions of the data structures enable the

system to construct automatically new entities of the correct structure

for inclusions in the data base.

16
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FIGURE 17 A USGS MAP OF THE SAN FRANCISCO BAY AREA

‘V
SA-5300-45

FIGURE 18 DISPLAY OF THE DIGITAL MAP DATA BASE

SA-5300-46

FIGURE 19 PART OF THE MAP AT HIGHER RESOLUTION
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Ill PAR A METR iC CORRE SPONDE NCE AN D CH AMFER M ATCHI NG

A. Introduction

Ma ny military tasks involving pictures require the ability to put a

sensed image into correspondence with a reference image or map.

Examples Include vehicle guidance , photo int.erpretationt (change

detection and moni tor ing ) • arid car tography (ma p u p d a t i n g ) .  The

conven t iona l  approach is to determine a large num ber of poinits of

correspondence by correlatinig small patches of the referen ce image wi th

the sensed image. A polynomial interpolation is then used to estimate

correspondence for arbitrary in termediate pOin ts [9].  This approach i~
computationall y expenssive and limited to cases where the reference arid

sensed images were obtained under s imi la r  viewing conditions. In n

particular , it cannot match images obtained from radically different

viewpointts, sen sors, or seasonal or climatic conditions , anid it can not

match images against symbolic maps .

Parametric correspondence matches Images to a symbolic reference

map rather than i to a reference image. The map contains a compact three—

dimensional repre sentat ions of the shape of major landmarks , such as

c~astlintes , buildings , and roads. Art arsalytic camera model is used to
predict the  locations arid appearance of’ landmarks in s the image ,

genserating a projections for an assumed v iewpoin t .  Correspondence is

achieved by adjustintg the parameters of the camera model (i.e. the

assumed viewpoint) until the appearan ces of the landmarks optimally

match a symbolic description extracted from the image.

The success of this approach requires the ability to rapidly match

predicted arid sensed appea rant ces a f t e r  each projections . The matching of
image arid map features is performed by a new technsique , called “chamfer

matching ” , that compares the shapes of two col lect ions of curve
fragments at  a cost proportional to linear dimension rather than area . 

-—— . ~~~~~~~~
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Ins principle , this approach should be superior , since it exploits

more knowledge of the invariant three dimenisionial structure of the world

arid of the imaging process. At a practical level , this permits matching

of’ spatially extensive features on the basis of shape , which reduces the

risk of ambiguous matches and depertdence ors viewing conditio ns.

B. Chamfer Matching

Point landmarks , such as road inter sectionis  or promonstorie s , are

represented Ins the map w i th  the i r  associated three—dime n siona l world

coordinates .  Linea r lar t dma rk s , such as roads or coast linses , are

represented as curve fragments with associated ordered l is ts  of world

coordinates. Volumetric structures, such as bu i ld ings  or bridges , cans

be represen ted as wire—frame models.

Fr om a kn owledge of the expected v iewpo i n t , a predict ion of the

image cant be made by projecting world coordin ates  into cor respo n d in g
image coordinates , suppr essintg hidden l in es. The problem in match ing  is

to determine how well the predicted fea tures  correspond wi th  image
feature s , such as edges arid l ines .

The f i r s t  step Is to ex t rac t  image fea tures  by appl yi rtg edge and

l in e  operators or t racing boundaries.  Edge f ragmen t l inking [15] ,  [ 1 1 ]

or re laxat ion en ha n ceme n t [12 ] , [2 ]  is opt iona l .  The net resul t  is a
feature array;  each elem en t of the  array records whether  or riot a linse

fragment passes throug h i t .  This process preserves shape informat ion

and discards grey scale informat ion , which  is less i n v a r i a n t .

To correlate the extracted feature array directly with the

predicted feature array would encounter several problems : The

correlation peak for two iden tical curves is very sharp arid therefore

intolerant of slight misaligntmentt or distortions [13]: A sharply peaked

correlationt surface is ant inappropriate optimization :  cr i ter ions  because
it provides little indication of closeness to the true match or of the

proper direction ins which to proceed : Computational cost is heavy with

large feature arrays . A more robust measure of’ similarity between the

H 
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two Sets of fea ture  poinst~ is the sum of the dis tances between each
predicted feature point arid the nearest image point . This cans be
computed e f f i c i en t l y  by trani sf’orming the image feature a r ray  in to  ant

a r ray  of numbers repre sent ing  dis tance to the nearest image fea ture
point . The similarity measure is then easily computed by stepping

through the list of predicted features and simply summing the distance

array va lues at the predicted locations. The distartee valuec cant be

determined by a process kn own as “chamferinmg ” , inn two passes through the

image feature array [114], [16]. Note that this determi nation Is made

Only once, after image feature extractions .

Chamfer matching provides an efficient way of computinsg the

integra l dlstantce (i.e. area), or Integral squared distance , between

two curve fragments , two commontly used measures of shape similarity.

C. Parametric Corresponden ce

Parametric correspondence puts ans image into corresporsdence with a

three—dimensional reference map by determining the parameters of ant

analytic camera model (three position and three orientation parameters).

The traditional method of calibratinig the camera model takes place

ins two stages: first , a number of known landmarks are independently

located irs the image ; second , the camera parameters are computed from

the pairs of corresponsdintg world arid image locations , by solvintg an

overconstrainsed set of equation s [17], [18], [19].

The failings of’ the traditional method stem from the first stage.

The landmarks are found insdividu ally, using on ly very local context

(e.g. a small patch of surrounding image) arid with no mutual

cons t ra in t s .  Thus , local false matches comas on sly occur . The restrictions

to smal l  fea tures  is man sdated by the high cost of area correlat ions , arid

by the  fac t  tha t  large image features correlate poc~’ly over small

cha n ges  m t  v iewpoir st .

Paramet r ic  corre spontd ensce overcomes these failings by instegratinig

the l andmark—match ing  an sd camera—cal ibra t ions  stages. It Operates by

20
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hill—clImbing on the camera parameters. A transformation matrix is

con structed for each set of parameters considered , arid it is used to
project landmark descriptions from the map onto the image at a

particular translation , rotations , scale, and perspective. A similarity

score is computed wi th  chamfe r matchirtg arid used to update parameter

values.  In i t ia l  pa rameter values are estimated from navigational data.

In t e g r a t i n g  the two stages allows the simultaneous matching of al l
landmarks irs their  correct spatial relationshIps . Viewpoint problems

with  extended features are avoided because features  are precisely
projected by the camer a model before matching . Parametr ic

correspondence has the same advan tages as rubber—sheet template matchirtg

[20], [21] in that it obtalrss the beet embedding of a snap iii an image ,

but avoids the combinatorics of’ trying arbitrary distortions by only

considering those corresponding to some possible v i ewp o int .

~~~~~ Example

The following example i l lustrates  the major concepts inn chamfer

matching and pa rametric  correspondence . A sensed image (Figure 20) was

input along wi th  manua l ly  derived i n i t i a l  estimates of the camera
parameters . A referenice map of the coastline was obtained by using a

digit iz in tg  tablet  to en code coordinates  of a set of 51 sample po in t s  on

a USGS map.  Elevat io n s for the points were entered m a n u a l l y .  Figure 21

is art orthographic projections of th is  three- .dinnensiontal map.

A simple edge follower traced the high contrast boundary of the

harbor , producing the edge picture shown ins Figure 22. The chamfering

algorithm was applied to this edge array to obtains a distance array.

Figure 23 depicts t u s  di~ tantce array;  distance is encoded by brightness

wi th  maximum bright ness corresponding to zero distance from aim edge

p oins t .

U sin g the i nIt i a l  camera parameter estimates , the map was projected

onto the sensed image ( Figure 2 14) .  The average distance betweens

projected points arid the nearest edge point , as determined by chamfe r

matching , was 25.8 pixels.
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SA 5300-47 SA 5300 - 48

FIGURE 20 AN AERIAL IMAGE FIGURE 21 A SET OF SAMPLE POINTS
OF A SECTION OF COASTLINE T A K E N  I ROM A USGS ~~AP

SA 5300 49 SA 5300-50

FIGURE 22 THE TRACED BOUNDARY FIGURE 23 THE DISTANCE ARRAY
OF THE COASTLINE PRODUCED BY CHAMFERING
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SA - 5300 -51 SA ~-300-52

FIGURE 24 INITIAL PROJECTION OF MAP FIGURE 25 PROJECTION A F T E R  SOME
POINTS ONTO THE IMAGE ADJUSTMENT OF PARAMETERS

— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

~ A-53 00-53 SA 5300-54

FIGURE 26 PROJECTION AFTER FIGURE 27 VARIATION OF DISTANCE
OPTIMIZATION OF PARAMETERS SCORE NEAR THE OPTIMUM
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A straight forward optimizat ion a lgor i thm adjusted the camera

parameters to mirsimize the average dis tance.  Figure 25 ansd Figure 26
show art in t t ermediate s ta te  anid the firsal state , in s which the average

distance has beeni reduced to 0.8 pixels. This result , obtained with 5)

sample points, compares favorably with a 1.1 pixel average distance for

19 sample points ob t a i n ed  using contvenstiontal image chip correlation

followed by~ camera calibrations . The curves in Figure 27 characterize

the local behavior of’ this min imum , showing how average distansce varies

with variation of each parameter from Its optima l value .

E. Discussion

~e have developed a scheme for establishinig corresponidensce between

ass image and a reference map that integrates the processes of lan dmark

matching arid camera ca l ibra t ions . The potential advantages of this

approach stem from (1) matching shape rather than brIghtness; (2)

matchi ng spa t ia l ly  exten sive features  ra ther  than small patches of

image; (3) matc’ing simultaneously to all features, rather than

searching the combinatorial space of alternative local matches; antd (14)

using a compact three dimertsional model rather than mansy two—di ~ ensionsal
templates.

Shape has proved to be much easier to model and predict than

brightness. Shape is a re la t ive ly  in var iant  geometric property whose

appearansce from arbitrary viewpoints can be precisely predicted by the

camera model . This eliminates the riced for multiple description s,

correspondin g to different viewing corsditionis , arid overcomes

difficulties of matching large features over small changes of viewpoint.

The abIlity to treat the enstirety of’ the relevant portions of the

ref’erensce map as a single extenssjve feature reduces signsificantly the

risk of ambiguous matches. It also avoids the combirtatorial complexity

of finding the optimal embedding of multiple local features.

A number of obstacles have been enscountered in reducing the above

ideas to practice. The distance metric used in chamfer matching

214
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provides a smooth , moniotonsic measure near the correct corresponden ce arid

n icely in terpolates over gaps in curves . However , scores cans be
untreliable whens image and reference are badly out of alignment . in

particular , discriminations is poor ins textured areas, aliasinsg cart occur

with parallel linear features, arsd a single isolated image feature cans

support multiple reference features.

The main problem is that edge position is riot a distinguishing

feature ; con sequently, marty alternative matches receive equal weight .

Orte way of overcoming this problem , therefore , is to use more

descriptive features: brightness disconstintuitie s can be classified , for

example , by orientation , by edge or lin e, anid by local spatial context

(texture versus isolated boun dary). Each type of feature would be

separatel y chamfered arid map features would be matched ins the

appropriat e array. Similarly, features at a muc h higher level could be

used , such as promontory or bay, area features having particular

Int e rna l textures  or s tructures , arid evens specific lansdmarks , such as

the top of the Tranisamerica pyramid. ideally, with a few highly

differentiated feat • ‘es distributed widely over the image , the

parametric correspo’ ertce process would be able to home ins directly on

the solution regardless of initial consditionis .

Another dimensions for possible improvemen t is the chamfering

process itself. Determinsinsg for each pointt of the array a weighted sum

of distansces to mansy features (e.g. a consvolution with the feature

array), insstead of the distance to the nsearest feature , would provide

more immunity from isolated noise points. Alternatively, propagating

the coordinsates of the nicarest point instead of merely the distan ce to

it ensables the use of characteristics of’ features , such as local slope

or curvature , ins evaluating the goodnsess of match. Further , sin ce

correspo nding pairs of points are nsow known , it ma kes possible a more

directed search , ansd an improved set of parameter estimates cars be

a n a l y t i c a l l y  d ete rmi n ed .

25
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Chamfer matchi ng arid parametric correspondence are separable

techn iques. Conceptually, parametric correspondence can be performed by

reprojectirsg image chips arid evaluating the match with correlations .

However, the cost of projections and matching grows with the square of

the template size: The cost for chamfer matchintg grows linearly with the

nturnber of feature points. Chamfer matchi ng is ant alternative to Other

shap e— mat chin sg techniques , such as chain—code correlations [22 1, Fourier

matchIng [23) ,  and graph matchirsg (e .g.  [ 2 1 4) ) .  Also , the smoothing
obtained by tran ssforminsg two edge arrays to distan ce arrays via

chamfer in g  can be used to improve the robustn sess of conven tional area—
based edge correlations.

Pa rametric corresponsdensce , in s i ts most gen eral form , is a technique

for matchi ng two parametrically related represen tation s of the same

geometric structure . The representation s cans be two- or three—

dimertsionsal , iconsic or symbolic; the parametric relations cart be

perspective projection , a simple similarity tran sformation , a polyn omial

warp, and so forth. This view is similar to rubber— sheet template

matching as conceived by Fischier arid Widrow [201, [21]. The

feasibility of the approach ins any applications , as Widrow points out,

depend s oni efficien t algorithms for “patterns stretching , hypothesis

testing, and patterns memory” , corresponding to our camera model , cham fer

matching , arid three—dimensional map.

As ant illustrations of its versatility, the technique can be used

with a kn own camera locations to find a knsowni object whose positions arid

orien ta t ion are kn own onsly approximate ly .  Ins this  case , the object’s
po sitions and or ientat ions  are the parameters; the object is trarsslated

and rotated unsti l  i ts projection best matches the image data . Such ans
applications has a more iconiic f lavor , as advocated by Shepard [25], a rid

is more integrated than the traditional feature extraction ansd graph

matching approach ( [26 ] ,  [27 1 ansd [28] ) .

As a f ina l  consideration , the approach Is amenable to efficienst
hardw are implementation s . Commercially avai lable hardware already exi~ t~

26
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for genser ating parametrical ly specified perspective views of wire frame

models at video rates , complete with bidders line suppression . The
cham fering process itself requires only two passes through an array by a
local operator , a~sd match scoring requires only summing table lookups in
the resulting distance array.

F. Conclusions

Icontic matching techniques, such as correlations , are kn own for

eff ic iency and precision obtained by exploiting al l  available pictorial
information , especially geometry. However , these techniques are overly

sensitive to changes in viewing coisditiotss and cassnot make use of rsons

pictorial Information . Symbolic matching techniques , on the other hansd ,

are more robust because they rely on invaria nt abstractiorss , but are

less precise and less e f f ic ien t ins hansdlinsg geometrical relationships .

Their applicability ins real scenes is limited by the difficulty of’

reliably extracting the invarian t descriptions . The techrsiques we have

put forward offer  a way of combinin g the best features  of iconic and
symbolic approaches.
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